For electronic and photoelectronic devices based on GeSe, an emergent two dimensional monochalcogenide with many exciting properties predicted, good electrical contacts are of great importance for achieving high device performances and exploring the intrinsic physics of GeSe. In this article, we use temperature-dependent transport measurements and thermionic emission theory to systematic investigate the contact-barrier heights between GeSe and six common electrode metals, Al, Ag, Ti, Au, Pt and Pd. These metals cover a wide range of work functions (from ~ 3.6 eV to ~ 5.7 eV). Our study indicates that Au forms the best contact to the valence band of GeSe, even though Au does not possess the highest work function among the metals studied. This behavior clearly deviates from the expectation of Schottky-Mott theory and indicates the importance of the details at the interfaces between metals and GeSe.
To fully realize its great potential, devices based on two-dimensional (2D) GeSe mainly in the form of the field-effect transistors (FETs) are needed. For this type of device, good electrical contacts between the electrodes and GeSe with low Schottky barrier height (BH) are crucial for studying the intrinsic properties of GeSe and minimizing the influence of metal-semiconductor contacts. In this work, we use temperature-dependent transport measurements to experimentally determine the contact BH between exfoliated few-layer GeSe flakes and six common electrode materials, namely Ti, Al, Ag, Pd, Au and Pt. These metals cover a wide range of work functions (WF) from ~ 3.6 eV (Ti) to ~ 5.7 eV (Pt).
According to the ideal Schottky-Mott theory, the BH depends solely on WF difference between a metal and the semiconductor. 10 So we expect Pt to form the best contact with the valence band of GeSe.
However, we find that Au electrodes have the lowest BH to GeSe. This study demonstrates the importance of interface details at determining the contact barriers and suggests the choice of electrode material for GeSe devices, which is of great importance for future experimental study of GeSe. Bulk GeSe belongs to the orthorhombic space group Pnma (No. 62). Its crystal has a similar structure to that of BP as shown in Figure 1( on samples exfoliated onto SiO 2 also reveals the characteristic phonon modes of GeSe with strong Raman peaks. 4 All these evidences demonstrate the high crystallinity of our GeSe and the stability of thin-flake GeSe under ambient condition.
To study transport properties of GeSe and evaluate the BH between different electrode metals and We first examine the contact between Ti and GeSe as shown in Figure 2 , as Ti is one of the most commonly used electrode metals for fabricating devices based on 2D materials. We have studied multiple devices and obtained similar results (data from other Ti contacted devices are presented in Figure S1 (b) and Table S1 in the SM). Temperature-dependent two-terminal transport measurements in Figure 2a clearly indicate that the GeSe FET is p type, consistent with previous results of bulk GeSe and thin flakes. 1, 12, 13 Since no intentional dopants are introduced in crystal growth, this doping has its intrinsic origin, most likely from Ge deficiency. Calculations of similar materials, such as SnSe, 14 have indicated that Sn vacancy has a moderate formation energy (less than 1 eV, to be compared with growth temperature of 800 °C). This intrinsic p-type doping is the common feature of group IV monochalcogenides. 15 As temperature goes down, holes are frozen out, which results in dropping conductance together with a negative shift of threshold voltage as expected.
From the temperature-dependent transfer curves, the contact BH of titanium and GeSe can be extracted based on the band diagrams shown in Figures 2b ~ f. 16 Without the applied drain-source bias, the FET consists of two back-to-back Schottky diodes with possible band bending near the GeSeelectrode interfaces (Figure 2b ). At bias close to 0 V, charge carriers (holes for this case) need to overcome both barriers at the two interfaces to reach from the source to drain (in this study the drain electrode is the one kept grounded). In order to get information about one barrier, a larger voltage of 5 V is applied between the source and drain electrodes to forward bias the Schottky diode at the drain side ( Figure 2c ). We note that due to a long channel (several microns) of our device, drain-induced barrier lowering is negligible. 17 In this way, the subthreshold current is mainly controlled by the barrier at the source contact, which in turn is modulated by the gate voltage V g . When V g is positive (Figure 2d ), the band edges in the channel are pulled down in energy, which increases the BH for holes and the device is turned off. As the V g decreases, a flat-band condition is reached (Figure 2e ). The intrinsic BH is measured at this point. Since the barrier is very wide (in the micron range), holes cannot tunnel through it to reach the drain electrode. Only thermionic emission (TE) can contribute to the current (represented by the arrows in Figures 2d and 2e) . When the V g is increased in the negative direction, the band edges in the channel are pushed up in energy. The barrier width at the source side is thinned down (Figure 2f) and tunneling, including direct tunneling (DT) and thermally-assisted tunneling (i.e. thermal-field emission, TFE), becomes progressively easier. Then the effective BH is reduced as a function of V g .
Based on this analysis, we expect the following behavior of the effective BH as a function of V g extracted from the temperature-dependent transport data in Figure 2a : the measured barrier will be higher than the intrinsic value at large positive gate voltage, linearly decreases as the V g is reduced, and finally it will depart from the linear trend with a sublinear behavior after passing the flat-band point (this is because that the metal Fermi levels are pinned related to the band edges at the contact interfaces as shown in Figure 2f , resulting in a constant BH for thermionic emission alone).
Current due to thermionic emission can be expressed as:
where A is the Richardson's constant, T is the temperature , q is the elementary charge, φ B is the contact BH, k B is the Boltzmann constant and V ds is the source-drain voltage. Since V ds is much higher than , the equation can be simplified to = 2 exp (− ). We then use this formula to fit the temperature dependence of at a certain V g to obtain the effective BH (Figure 2g ). The fitted values are plotted as a function of V g in Figure 2h . As expected, when V g is swept from the large positive value towards the negative value, the extracted effective BH decreases with a linear regime followed by a sublinear regime.
The transition between these two regimes is where the flat-band condition is reached, and the intrinsic BH is obtained. For titanium contacted GeSe, the intrinsic BH for the device in Figure 2 is determined to be 0.223 ± 0.003 eV and the corresponding flat-band V g is 1.2 ± 0.2 V (where the uncertainties are obtained from curve fittings of the data in Figure 2h ). More Ti contacted devices are measured with similar results as summarized in Table S1 in the SM. The averaged BH is 0.209 ± 0.019 V. These values mean that although titanium is commonly used as the contact metal to GeSe, 12 it has a high Schottky barrier for hole transport and hence is not a good choice. To find a better contact to GeSe, we could use Schottky-Mott theory as a guidance 10 . In this idealized situation, BH between a metal and the valence band of GeSe is the difference between the work function of the metal and the ionization energy of GeSe. We use ultraviolet photoemission spectroscopy (UPS) to measure the energy levels in GeSe as shown in Figure 3 . The surface layer of a large GeSe crystal is peeled off right before being inserted into the ultra-high vacuum chamber of UPS, to avoid ambient contamination. Argon-sputtered silver, which is electrically connected with the GeSe crystal, is used to calibrate the Fermi level E F to be 31.21 eV as shown in the inset of Figure 3a . The WF of GeSe ( ) can be determined by the formula = ℎ − ( − ), where ℎ = 21.22eV is the energy of incident photons and = 14.80eV is the cutoff energy (a bias of 10 V is applied to accelerate the secondary electron for a better measurement). The WF of GeSe is calculated to be 4.81 eV.
By analyzing the onset of photo electrons near the Fermi level, the valence band energy is found to be 0.31 eV below the Fermi energy (Figure 3b ). Previous study has found the WF of Ti to be 4.33 eV.
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Then the BH between Ti and GeSe predicted by Schottky-Mott theory would be ~ 0.79 eV, much higher than the value of 0.209 ± 0.019 V measured here. Since the WF of a metal film depends on the details of deposition, we have also measured the WF of Ti ourselves with UPS and found it to be 3.58 ± 0.05 eV (see Table S1 in the SM). Then the theoretical BH is even higher than the measured value. SchottkyMott theory also indicates that metals with higher WF will form lower BHs with the valence band of
GeSe. Au has a higher WF (5.12 ~ 5.93 eV) 18 matching well with the energy levels of GeSe and is another commonly used metal for electrodes. We then fabricate Au contacted devices. Room temperature transfer curves in Figure 4a indicate that the gold contacted device has a two-terminal conductivity one-order-of-magnitude higher than that of the titanium device (see Table S1 in Table S1 in SM for details), 18 the BH does not show monotonic decreasing, as expected by the Schottky-Mott model.
Compared with other metals, Au is the best choice for contacting GeSe. Previous study 10 has shown that besides the WF alignment, the interface details also play an important role in determining the Fermi level pinning and hence the BH between a metal and a 2D material. Although Pt has a higher WF compared with that of Au, the evaporation temperature of Pt is significantly higher than that of Au. This harsh deposition condition will introduce more surface defects as shown before 10 and more sever Fermi level pinning is expected. Besides that, the chemistry between the electrodes and semiconductor can also be important. We find that Ag contacted devices show severe alloying between the metal and GeSe during transport measurements, as shown in Figure S4 . Hence no reliable devices could be made with Ag electrodes. All these findings indicate the importance of the interface between a metal and the semiconductor. We also note that previous studies (e.g. Reference 18) reported Pd to have a work function of 5.22 to 5.60 eV, but our own measurement has shown a much smaller value (4.69 ± 0.07 eV). This discrepancy is worth further investigation. In conclusion, we have measured the Schottky-barrier heights between thin flakes of GeSe and a group of metals -Al, Ag, Ti, Au, Pt and Pd. We have shown that Au is the best choice among the metal studied for contacting GeSe. Through a systematic investigation, we demonstrated that WF alignment is only one of the factors affecting the BH between a metal and a 2D material. Due to the many intriguing electronic properties expected for GeSe, 1,2,3,4,19 our study provides a good guidance for choosing the best electrode metal for GeSe devices.
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